Forty-seven strains of Yersinia kristensenii from widely differing sources, representing all known 0 serogroups of this species, were investigated for virulence with a variety of animal and in vitro assays. Twenty-four (51%) of the isolates were lethal for mice pretreated with iron dextran. Mouse-lethal strains occurred predominantly within 0 serogroups 0:11, 0:12,25, and 0:16. Virulent Y. kristensenii strains generally did not express the virulence-associated phenotype (Ca2" dependence and binding of Congo red and crystal violet) which characterizes virulent strains of Y. enterocolitica, nor did they carry the Yersinia virulence plasmid. Although all strains hybridized with a DNA probe derived from the inv (invasin) gene of Y. enterocolitica, none was able to invade HEp-2 epithelial cell culture. Y. kristensenii strains were virulent only when inoculated parenterally into iron-loaded mice. Animals infected in this way succumbed rapidly to infection, generally within 24 h. This finding suggested that the pathogenicity of these bacteria may be attributable to a secreted toxin, but a search for such a substance and for other in vitro correlates of pathogenicity was unsuccessful. These observations indicate that some strains of Y. kristensenii kill mice by a mechanism not previously recognized in yersiniae.
The genus Yersinia includes three species, Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica, which are pathogenic for mammals. The virulence mechanisms of these bacteria have been extensively studied and exhaustively reviewed (8, 17, 21) . Briefly, the pathogenicity of yersiniae is determined by both chromosomal and plasmid-borne genes. Chromosomal genes encoding virulence include inv and ail, which are believed to specify initial attachment to and invasion of host tissues (17) . In addition, all virulent strains of Yersinia carry a 70-kb virulence plasmid which contributes to the survival and multiplication of bacteria in host tissues (8, 21) . These plasmids share a considerable degree of DNA homology, irrespective of the Yersinia species in which they originate (8, 25) .
Nonpathogenic biotypes of Y. enterocolitica and other Yersinia species, such as Y. frederiksenii, Y. intermedia, and Y. kristensenii, carry chromosomal DNA homologous with the inv determinant but generally lack the ail and plasmidborne determinants of virulence (16, 25) . Nonetheless, some of these species are occasionally implicated in disease (3-5, 11, 18) . During a recent investigation of virulence of yersiniae for mice, we discovered a strain of Y. kristensenii which caused a fatal infection in iron-loaded mice. This observation prompted us to examine a collection of Y. kristensenii strains for virulence attributes.
MATERIALS AND METHODS
Bacteria. The 47 strains of Y. kristensenii used in this investigation are listed in Table 1 . The bacteria were isolated in widely dispersed areas from a variety of sources. A total of 15 strains were of human origin, 14 were from animals, 14 were from food (usually pork), and 3 were from water. The origin of one strain was unknown. Y. enterocolitica 30.42 .67 and A2635, virulent strains of serogroups 0:3 and 0:8, * Corresponding author. respectively, have been described previously (25, 26 For most experiments, mice were inoculated i.p. with 0.5 mice were given 10-fold serial dilutions of bacteria. The ml of a bacterial suspension and observed for 14 days. In LD50 was calculated according to the method of Reed and some experiments, bacteria were inoculated perorally (by Muench (23) . The keratoconjunctivitis (Sereny) test was gavage; 0.5 ml), subcutaneously (0.5 ml), or intravenously performed with guinea pigs pretreated with 50 mg of iron and (0.2 ml). For determination of the 50% lethal dose (LD50), 50 mg of desferrioxamine as described previously (26). 14 days.
In vitro studies. 32P-labeled single-stranded DNA probes were prepared from the cloned inv and ail chromosomal genes of Y. enterocolitica 8081 (serogroup 0:8) and from the virulence plasmid of Y. enterocolitica A2635 as described previously (25) . These probes were used to examine colonies of Y. kristensenii for homologous DNA sequences at high stringency (25) . The ability of bacteria to invade HEp-2 cells was determined by the method of Miller et al. (16) . Tests for calcium dependence and binding of Congo red and crystal violet were performed as described previously (22, 25) . The ability of bacteria to produce hydroxamate siderophores was determined by the hydroxylamine assay as described previously (29) . RESULTS Virulence of Y. kristensenii strains for mice. In a preliminary study, we showed that the type strain of Y. kristensenii, IP105 (serogroup 0:11), was lethal when injected i.p. into mice pretreated with iron and desferrioxamine B. We subsequently investigated the pathogenicity of a wider range of strains in this animal model. The results showed that all 11 serogroup 0:11 isolates in our collection were lethal for mice ( We have previously shown that Y. kristensenii may produce the hydroxamate siderophore aerobactin (29) . In case the production of such substances was associated with virulence, we examined all the bacteria for their ability to synthesize hydroxamates under iron-limiting conditions. The results showed that production of these compounds was limited to bacteria in serogroups 0:16, 0:16,29, 0:46, and 0:52 (Table 1) . Thus, the production of hydroxamates was not associated with virulence.
The DNA hybridization studies showed that the Inv probe of Y. enterocolitica recognized all the bacteria in this study (data not shown). This result was not unexpected, because this probe detects all members of the genus Yersinia, regardless of virulence (20, 25) . The HEp-2 invasion assay, however, showed that none of the Y. kristensenii strains produced active invasin, as they all invaded HEp-2 cells to a negligible extent compared with strains of Y. enterocolitica which are known to express this gene (Table 1) . Only one strain (IP7229) hybridized with the Ail probe of Y. enterocolitica, but this strain did not invade HEp-2 cells and was avirulent for mice. None of the Y. kristensenii strains examined hybridized with any of three DNA probes (BamHI fragments 2, 6, and 7) prepared from widely dispersed regions of the virulence plasmid of Y. enterocolitica A2635 (25) . DISCUSSION Before 1980, Y. kristensenii was considered to be part of a broad Y. enterocolitica complex. It is distinguishable from Y. enterocolitica sensu stricto and other yersiniae, however, on the bases of DNA relatedness and biochemical reactivity, being positive for trehalose and ornithine decarboxylase and negative for sucrose and rhamnose (1, 2) .
Little is known of the epidemiology of infections with this organism. In surveys of fecal carriage of yersiniae in humans, Y. kristensenii is found infrequently compared with other yersiniae (6, 10, 14, 28, 32) . Nonetheless, when it has been recovered from human material, it generally has been regarded to be of clinical significance (3-5, 11, 18) . As far as can be ascertained, these strains usually belong to those 0 serogroups which are virulent for mice (3) (4) (5) . The isolation of Y. kristensenii from the feces of a young woman with acute enteritis, in conjunction with detectable serum agglutinins, prompted Bottone to speculate that Y. kristensenii is intermediate in virulence between Y. enterocolitica on the one hand and Y. frederiksenii and Y. intermedia on the other (4). This suggestion has been borne out by the present study, in which the virulence of Y. kristensenii for animals has been shown for the first time.
Although Y. kristensenii shares few of the phenotypic or genetic characteristics associated with virulence in Y. enterocolitica or other Yersinia species (Table 1) , the lethal effect of Y. kristensenii for mice was specific. This was evidenced by the findings that only certain serogroups were virulent in this model and that solid serogroup-specific immunity was induced after a single exposure to a sublethal dose of a homologous strain (Table 3) . Moreover, we have previously examined several hundred isolates of Yersinia species, including tissue culture-invasive, plasmid-cured strains of Y. enterocolitica and Y. pseudotuberculosis, in iron-and desferrioxamine-treated mice and, until now, have found none that gave a false-positive result (22, 25) .
The mechanisms underlying the pathogenicity of Y. kristensenii for mice are not clear. (9) . They found that the probe hybridized specifically with DNA from virulent strains of Y. enterocolitica and selected Y. kristensenii isolates but not with DNA from other strains (9) . In the present study, however, there was no correlation between the ability of Y. kristensenii strains to produce enterotoxin and their virulence for iron-stressed mice.
Although Y. kristensenii is frequently isolated from animals, it does not appear to be a natural pathogen of mice. Peroral administration of large numbers of bacteria to ironand desferrioxamine-treated mice caused no ill effects, presumably because the bacteria were unable to penetrate the intestinal mucosa. This suggestion was corroborated by experiments which demonstrated the inability of Y. kristensenii strains to invade HEp-2 cell culture (Table 1) or the conjunctival epithelium of guinea pigs. By contrast, Y. enterocolitica strains, which are virulent for mice by the oral route, readily invade HEp-2 monolayers. The observation that Y. kristensenii strains do not invade cell culture despite bearing DNA homologous to the inv locus of Y. enterocolitica indicates that the inv gene in these bacteria is nonfunctional, as is the case with nonpathogenic strains of Y. enterocolitica (20) . One strain in this study, IP7229, evidently also carried a nonfunctional ail gene.
Y. kristensenii was pathogenic for mice only when administered parenterally, suggesting that under normal circumstances blood-sucking arthropods, such as fleas, may transmit these bacteria. Two factors argue against this possibility, however: (i) Y. kristensenii has seldom been isolated from arthropods, and (ii) Y. kristensenii caused no illness and did not persist in the tissues of mice not pretreated with iron (data not shown).
The precise mechanism whereby treatment with iron increases the susceptibility of mice to infection with yersiniae is unresolved. Possible explanations include the supply of an essential, growth-limiting nutrient to the bacteria or the impairment of immune responsiveness of the host (27) . A finding analogous to that reported here is the observation (15) . These findings suggest that iron overload may interfere with a critical host defense mechanism, such as macrophage effectiveness, in the peritoneal cavity.
In terms of iron responsiveness, Y. kristensenii behaved similarly to Y. enterocolitica (Table 2 ). An important difference between these two species, however, concerned the effect of desferrioxamine B, which markedly enhanced the susceptibility of mice to infection with Y. enterocolitica but had only a moderate effect on the pathogenicity of Y. kristensenii, and then only when administered together with iron (Table 2) . Of interest in this regard is the finding that although some strains of Y. kristensenii produced an ironregulated hydroxamate siderophore, this property did not correlate with virulence (Table 1) .
In summary, this study has shown that Y. kristensenii is pathogenic for iron-treated mice. The mechanisms of virulence of this species are obscure but are clearly different from those which operate in other species of Yersinia. Further studies are required to characterize the virulence determinants of Y. kristensenii.
